Objective-To characterize preparation for compensatory stepping in people with Parkinson's disease (PD) compared with healthy control subjects, and to determine whether levodopa medication improves preparation or the execution phases of the step.
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Falls are an unfortunate and often disabling consequence of PD. A recent meta-analysis of 6 studies on falls in the PD population found that approximately 50% of people with PD will fall during a 3-month period. 1 Falls in people with PD are often related to inadequate postural responses. [2] [3] [4] An individual's automatic reaction to loss of equilibrium can determine the outcome: a fall or a successful balance recovery. A successful recovery can consist of an upper extremity grasp, a feet-in-place postural adjustment, or a compensatory step to regain equilibrium. 5, 6 This article focuses on differences in preparation for forward compensatory stepping between subjects with PD and healthy control subjects.
The potential for postural instability increases dramatically as the base of support changes from a 2-leg to a 1-leg stance during a step. 7 To prepare for this potential instability, an APA will move the body CoM laterally toward the stance leg by moving the CoP under the feet toward the stepping leg. 6 APAs have been well studied for voluntary step initiation, but the role of APA for compensatory stepping in response to external perturbation is less clear. When equilibrium is challenged by an unexpected external displacement of the body, an individual needs to react quickly with an appropriate postural strategy. If the perturbation has enough force to move the CoM beyond the capabilities of feet-in-place postural responses, then stepping is necessary to avoid a fall. 8 The execution of a lateral APA before initiating a forward compensatory step, when the body CoM is already accelerating forward, may slow down the most critical action-a forward step to catch the falling body. McIlroy and Maki 9 showed that healthy young and elderly control subjects seldom used an APA in response to fast, unpredictable surface translations. They hypothesized that the central nervous system downregulates anticipatory postural preparation when it is not necessary, or, in fact, may delay time to step initiation.
Previous studies showed that people with PD have bradykinetic APAs prior to voluntary step initiation compared with age-matched control subjects10 and that levodopa improves the amplitude of an APA before a voluntary step. Even in subjects with very early, untreated PD, APAs during voluntary step initiation are bradykinetic.11 Much less is known about APAs associated with compensatory stepping in people with PD. Our previous study, using lateral perturbations, suggested that inconsistent use of APAs before lateral compensatory stepping may help explain the postural instability and abnormal compensatory stepping responses in people with PD. 12 In that study, levodopa did not improve the latency or the length of compensatory steps. It is uncertain whether the same pattern would be seen in forward stepping. Another study in our laboratory looked at forward compensatory stepping in people with PD who had freezing of gait and found that the most common postural preparations were multiple APAs (57% of trials) and of these, 69% of trials ended in a fall or inability to take a step. 13 However, it is unknown how people with severe PD without freezing of gait and without falls prepare for forward compensatory stepping. The present study examines compensatory stepping strategies of people who had severe PD but not significant freezing of gait. We hypothesized that people with PD are unable to downregulate the preparatory phase of a compensatory step when it is not required or desired for a fast compensatory step like agematched controls and that levodopa medication would not improve compensatory stepping.
METHODS
Subjects
Nineteen subjects with idiopathic PD and 17 aged-matched healthy control subjects recruited from the community participated. The demographic and clinical characteristics of the subjects are presented in table 1. There were no significant differences between the groups for age, weight, or height (see table 1 ).
The people with PD all had moderate to severe disease severity with levodopa-sensitive fluctuations as candidates for deep brain stimulation surgery, referred by a movement disorders specialist (J.G.N.). The subjects with PD and control subjects with other causes of balance impairment were excluded, such as peripheral neuropathy, musculoskeletal deficits, or history of stroke or head injury. Patients with PD who had debilitating postural tremor, dyskinesia, dystonia, or dementia that would interfere with testing were excluded. All subjects gave informed written consent for protocols approved by the institutional review board of Oregon Health and Science University.
Experimental protocol-All people with PD were tested at 8AM in the off state, after at least 12 hours since their last dose of dopamine replacement therapy. They were retested in the on state 45 to 60 minutes after taking their medication. For the on and off state testing, subjects were rated on the UPDRS (Part III, Motor)14 and the Hoehn and Yahr scale.15 Then the subjects stood with each foot on dual forceplates of a moveable platform, with arms folded across their chest throughout each trial. They stood with their feet 4.5cm apart. Subjects wore a harness attached to the ceiling without any tension, and an assistant stood behind them for safety. Before platform translations, the subjects were instructed to look straight ahead at an art poster placed 3m (10ft) away and to have equal weight distribution between their feet, which was monitored on an oscilloscope. Subjects were instructed to keep their balance as best they could. Each subject experienced 3 trials consisting of a 24cm posterior platform translation at 56cm/s velocity. To recover equilibrium from this perturbation, all subjects required a compensatory forward step. The subjects also answered the UPDRS, Part II (Activities of Daily Living, Items 1-11) between sessions.
Data Collection and Analysis
The vertical forces under the initial stepping leg and the contralateral stance leg were assessed for the presence of an APA prior to stepping. For each subject, the weight traces were zeroed by subtraction of the mean baseline weight over 200ms before platform motion. We adhered to stricter criteria for APA than used in previous studies 13, 16 to avoid classifying asymmetric feet-in-place postural responses as lateral APA. Rather than an increase in the weight of the stepping foot compared with the stance foot, the stance foot also had to reduce weight from baseline level prior to the first step in order to be considered a lateral APA and had to occur at least 50ms after the onset of a perturbation (fig 1A, i and ii vs iii). Each trial was then categorized according to 1 of 3 strategies: no APA, 1 APA, or multiple APAs (see fig 1A for example). A group mean percent incidence of each strategy was determined for the control and PD groups, both off and on medication. The amplitude of the APA was normalized to the body weight of each subject. Not all subjects showed consistent step preparation strategy in every trial. Thus, strategy group (no APA, 1 APA, multiple APA) based on individual trials might feature the same subject in more than 1 strategy group. landmarks at 60Hz. CoM position was estimated from segment kinematics and body segment measurements. 17 Step latency (foot-off time) was defined as the time from surface translation onset to the big toe beginning to lift off the floor or move forward relative to the platform. The anterior-posterior CoM displacement was noted at this time. Average CoM velocity was calculated for the duration of the foot movement phase of the first step. The AP step length was measured for the first step. Number of steps taken to recover equilibrium was also recorded.
The UPDRS Part III was used to measure disease severity in the people with PD. Axial measures were defined by the PIGD score, items 27 to 30 18 of the UPDRS.
Statistical Analysis
Chi-square tests compared the effects of medication, trial order, and activities of daily living freezing score on preparation strategy. All stepping parameters were normally distributed (Shapiro-Wilk test) except for the number of steps after perturbation. To compare between PD and control groups, analysis of variance was used for normally distributed parameters. Because the assumption of group independence would be violated to compare preparatory strategy with associated clinical and stepping parameters, linear-mixed modeling, with subject as a random factor, and a variance components covariance structure were used. Differences in stepping characteristics (step latency, step length, CoM displacement at foot-off, CoM velocity during step) among 4 groups were analyzed: control, trials of subjects with PD without an APA, trials of subjects with PD with 1 APA, and trials of subjects with PD with multiple APAs. To analyze the effect of group and strategy on the number of steps taken after perturbation, nonparametric statistics were used.
RESULTS
Preparation Strategies
All subjects could independently recover equilibrium with compensatory stepping, except 2 people with PD who required light touch for stabilization after stepping. PD affected both the preparatory and the stepping phase. Figure 1 illustrates the postural preparation strategies used prior to compensatory stepping. During the brief acceleration of the platform, the vertical component of the gravito-inertial vector of the body was always momentarily reduced (0 -50ms). The body was then perturbed forward, leading to an increased downward acceleration on the support surface. Trials without an APA (see examples in fig 1A, i and ii) often showed a small weighting asymmetry between the 2 feet with a mean medial-lateral CoP difference ± SD of only 6.2 ± 5.2mm. In contrast with trials without an APA, trials classified with a single APA (see fig 1A, iii) were associated with significantly larger peak medial-lateral CoP displacements (mean ± SD, 29.2 ± 25.3) and were characterized by a decrease from baseline weight on the stance foot and an increase in weight on the stepping foot (not just an asymmetry). In some trials, there were a number of m-l weight shifts before the foot moved classified as multiple APAs (see fig 1A, iv).
Control subjects rarely had an APA before compensatory stepping, whereas patients with PD often exhibited 1 or more APA. Figure 1B shows the proportion of total trials in each subject group with no APA, 1 APA, and multiple APAs. Overall, the control subjects had no APA in 90% of all trials. In contrast, subjects with PD only stepped without an APA in 43% of trials in the off state and 58% in the on state. The proportion of trials with 1 or more APA tended to be reduced with levodopa, though not significantly (Pearson chi-square χ (df = 1) = 2.4; P = .12). People with PD used multiple APAs in 19% of trials in the off state and in 14% of trials in the on state, although control subjects never used multiple APAs. The preparation strategy was more variable in subjects with PD versus control subjects. Only 37% of the people with PD (7 of 19 in both the off and on medication states) maintained a consistent strategy (none, 1, or multiple APAs) for all 3 trials compared with 71% (12 of 17) of control subjects. There was no significant effect of trial order on the distribution of strategy for control subjects (χ = 2.1; P = .36), PD on (χ = 3.7; P = .44), or PD off (χ = .45; P = .97).
Preparation Strategy Relates to PD Clinical Scores
The postural instability and gait disability score from the Motor UPDRS (items 27, 28, 29, 30, arising from chair, posture, gait, postural stability, respectively) was significantly higher in people with PD using 1 or more APAs than people with PD using no APA (APA [F 1,100 = 9.66; P = .002]) (fig 2A) . Additionally, people with PD who reported freezing on the activities of daily living component of the UPDRS were more likely to use 1 or more APAs (χ = 11.03; P = .026) (see fig 2B) . The total Motor UPDRS score was not significantly related to the type of preparatory postural strategy used by subjects with PD.
Effects of PD on Postural Preparation
The latency of the APA was faster in PD compared with control subjects (214 vs 279ms; F 1,38 = 4.75; P = .036). The peak amplitude of the APA prior to a step was not significantly different between PD and control subjects (means, 29.7 and 32.2mm, respectively; F 1,38 = 1.87; P = .18). For the multiple APA strategy, the amplitude of the APA just prior to foot-off was larger than the initial APA (50.2 vs 19.6mm; F 1,28 = 11.1; P = .002). In the PD group, levodopa did not affect the amplitude or latency of APAs (F 1,33 = .22, P = .64; and F 1,33 = . 19, P = .67, respectively).
Effects of Levodopa on Compensatory Stepping
Levodopa did not affect any step characteristics (off vs on levodopa, mean ± SE): latency to step (355 ± 115ms vs 350 ± 107ms), CoM displacement at foot-off (178 ± 39mm vs 184 ± 40mm), step length (271 ± 136mm vs 281 ± 140mm), and CoM velocity during first step (.45 ± .15mm/s vs .47 ± .16mm/s). Thus, the medication states were averaged for the following analysis of the effects of APA on step characteristics.
Effects of PD on Step Characteristics
Compared with control subjects, people with PD had longer step latencies, shorter step length, slower CoM velocity during stepping, larger displacement of the CoM at foot-off, and more compensatory steps. All of these step characteristics were worse when subjects used 1 or more APAs (see fig 3) .
People with PD using an APAs before stepping had longer latencies to step initiation. The latency from perturbation to foot-off showed a significant strategy group effect (F 3,90 = 42.8; P < .001) comparing control subjects and people with PD divided into groups according to those trials with 0, 1, and multiple APAs (see the grouping shown in fig 3) . Contrast comparison tests revealed that the time to step was significantly longer between the people with PD with multiple APAs and all other people with PD and controls (P < .01 for each case). Trials of people with PD with no APA had similar step characteristics as control subjects with no APA.
Step length was significantly longer for control subjects compared with PD with 1 APA (P < . 01) or multiple APAs (P < .01). The forward length of the first step showed a significant main effect of strategy group (F 3,104 = 4.6; P = .005), with shorter steps associated with more APAs.
There were significant differences in the CoM displacement and CoM velocity between subjects with PD and controls. The anterior displacement of the CoM at the moment of footoff was associated with strategy group (F 3,86 = 18.3; P < .001). Specifically, the CoM was farther forward at the time of foot-off for the multiple APA trials compared with all other strategies (P < .01 for each case). The average forward velocity of the CoM during the step also differed between groups strategies (F 3,86 = 12.9; P < .001). The CoM velocity was significantly slower in the multiple APA trials compared with all other trials (P < .01 for each case).
People with PD also took more steps to regain equilibrium, and the number of steps was associated with the preparatory postural strategy. On average (mean ± SE), control subjects took 1.4 ± 0.5 steps, whereas people with PD took 2.3 ± .95) steps to regain equilibrium, a significant difference (Mann-Whitney U < .001). For people with PD, the use of an APA was associated with an increased number of steps (Kruskal-Wallis, P = .003) (see fig 3E) , whereas it was not for the control group (P = .323). The number of compensatory steps was negatively correlated with the size of the first step (Spearman R = −.45; P < .001). However, the number of steps was not associated with the latency to initial foot-off (R = .08; P = .27). So although people with PD without an APA could sometimes step quickly, if the first step was small, then multiple steps were required.
When comparing the 10% of trials in which control subjects made APAs with control trials with no APA, similar relationships were found: a delayed foot-off, a CoM farther forward at foot-off, and a slower CoM velocity. However, the length of the forward step was approximately 150mm longer when a control subject made an APA compared with no APA, and the total number of steps was similar in both cases. These relationships contrast with those observed for subjects with PD making APAs and demonstrate good compensation by the control subjects.
DISCUSSION
Surprisingly, forward postural stepping responses to recover from a strong external perturbation may be impaired in people with PD because of excessive postural preparation rather than lack of postural preparation as has been proposed. 19 Unlike voluntary step initiation, in which people with PD show smaller (or absent) APAs compared with age-matched controls, 20, 21 people with PD in our study showed similar size and more APAs prior to compensatory step initiation than our age-matched controls. Our results suggest that compensatory steps by patients with PD are preceded by postural preparation that delays the onset and shortens the length of the step, likely because the CoM is farther forward with slow velocity before the foot leaves the ground. Because postural preparation delays and shortens the step, compensatory steps are less stabilizing, and therefore multiple steps are often required, which could lead to festinating steps and falls.
Several studies have shown that healthy subjects do not generally use an APA prior to unpredictable compensatory stepping. 9, 17 McIlroy and Maki 9 found that an APA was absent in 79% of the trials for healthy control subjects under a no instruction condition, similar to our protocol. They concluded that the APA, when present, was too small and brief to have a substantial influence on the lateral movement of the CoM, so it may represent a preplanned, stereotypical stepping response that was disrupted by the need to react rapidly to the unpredictable instability imposed by the perturbation.
It is unclear why people with PD persist in using an APA prior to compensatory stepping. It may be that people with PD and balance deficits cannot appropriately scale down this preplanned anticipatory phase as effectively as control subjects. In fact, we previously reported that people with PD had difficultly adequately scaling up the size of their APA for a voluntary step when the stance width increased. 21 It is also possible that they use an APA in an attempt to become more stable prior to stepping, even at the cost of time. Another possibility is that the people with PD compensate for their weak in-place postural responses by slowing down their CoM with a lateral APA to give themselves enough time to take a step with weak push.
Thus, the slower CoM and the fast APA may be compensation for bradykinetic postural responses. 2 We recently hypothesized that people with significant freezing of gait may have multiple APAs prior to a compensatory step because of difficulty coupling an APA with a step. 13 This previous study found that people with PD who were recruited for freezing of gait used multiple APAs in over half of their compensatory stepping trials, despite normal latency and amplitude of their first APA. Unlike the current study, 86% of those healthy control subjects' trials included an APA prior to a compensatory step. The difference can most likely be explained by a smaller and slower surface translation and a different methodology for designating an m-l weight shift an APA (see Methods). Unlike our current study, the people with PD in our previous study also all had significant freezing of gait; many more subjects fell, or did not step, in response to the translations; and falling was associated with multiple APAs. Similar to the current study, levodopa did not change the postural preparation strategy or stepping characteristics.
Study Limitations
A limitation of the study is that subjects were always tested in the off medication state first, which could have allowed learning effects in the on state. However, we do not think this likely because of the lack of any effect of medication on postural preparation and the lack of any learning between the 3 trials within each medication condition.
Another study from our laboratory 12 characterized lateral stepping strategies in people with PD and found that although people with PD used the same strategy as controls (side step vs a crossover step after a lateral perturbation in approximately 70% of trials), the use of APAs differed between groups. The control subjects were consistent with 1 APA before sidestepping in all of their trials, whereas the people with PD only used an APA in approximately half of their trials. Consistent with the current study, when people with PD did use an APA, the latency and size of the APAs were similar to those of our control subjects, even though stepping latencies of those subjects with PD were slower than control subjects' latencies.
Why are APAs prior to voluntary step initiation reduced or absent in subjects with PD but are present at normal magnitudes prior to compensatory steps forced by external perturbations? One possibility is that the basal ganglia are more critical for activating APAs when steps are self-initiated. 22 ,23 In contrast, when step initiation is triggered by an external cue such as a postural perturbation, the APA can be activated without involving the basal ganglia, although the coupling between the APA and the step is still impaired (eg, the long and variable latencies until step initiation).
CONCLUSIONS
Postural compensatory stepping is an important response to disequilibrium that requires careful assessment and focused intervention during rehabilitation. Clinicians should evaluate both the postural preparation phase and the execution phase of compensatory stepping. Long latencies to postural step initiation are not reflective of slow reaction times because the APAs are initiated quickly, but reflect poor coupling between the APA and the step. Inefficient postural preparation strategies results in slow step latencies, small step lengths, and an excessive number of steps for recovery of equilibrium, all which increase risk of falls. 24 Recent studies suggest that compensatory stepping may be improved with training. [25] [26] [27] The traditional rehabilitation approach to improve step initiation is to practice postural weight-shifting, but our results suggest that patients with PD need to learn how to step quickly with larger steps in response to postural displacements, without initial weight-shifting, which delays and impairs effective steps. These findings should be considered in rehabilitation and balance training in people with PD. Different postural preparation strategies were used in response to perturbation. (A) examples are shown with the weight under the stepping foot in black and the weight under the stance foot in gray. In (i), the weight increased more on the stance foot compared with the stepping foot, and in (ii), the weight of the stepping foot is weighted more than the stance foot, but because the weight on the opposite foot is also increasing, this is not considered an APA. A single APA from a subject with PD is shown in (iii), with a weight shift toward the stepping foot and away from the stance foot. A multiple APA from another PD subject is shown in (iv); the weight shifts diverge more than once before the step. The tracings shown in (i) and (ii) were common strategies for the control subjects, while (iii) and (iv) were common strategies for subjects with PD in both the off and on states. (B) The frequency of stepping strategies across groups. Out of the percentage of all trials, control subjects rarely exhibited an APA before stepping, whereas the people with PD in both the off and on states commonly used APA before lifting their foot off the floor. Abbreviation: multi APA, multiple APAs. Postural preparatory strategy in people with PD related to (A) PIGD scores and (B) frequency of reported freezing; represented as group mean with SE. Abbreviation: multi APA, multiple APAs. *P < .05; † P < .001. Stepping characteristics of control subjects, who did not use an APA (90%), and trials of subjects with PD, divided into 3 strategies (no APA, 1 APA, multiple APAs). 
